Bacillus decolorationis sp. nov., isolated from biodeteriorated parts of the mural paintings at the Servilia tomb (Roman necropolis of Carmona, Spain) and the Saint-Catherine chapel (Castle Herberstein, Austria) School of Biological and Biomedical Sciences, Glasgow Caledonian University, Cowcaddens Road, Glasgow G4 0BA, UK Microbial growths causing discoloration on the Roman wall paintings of the Servilia tomb at the necropolis of Carmona (Spain) and the medieval wall paintings of the Saint-Catherine chapel at Castle Herberstein (Austria) were investigated and from four different samples, a group of ten strains with similar characteristics was isolated. The isolates were characterized in a polyphasic taxonomic study, including 16S rDNA sequence analysis, (GTG) 5 -PCR genomic fingerprinting, DNA-DNA hybridization, DNA base ratio, fatty acid analysis, morphological and biochemical characterization. The data obtained attribute the isolates to a novel species of the genus Bacillus, for which the name Bacillus decolorationis sp. nov. is proposed. The type strain is strain LMG 19507
It is well known that mural paintings are colonized by micro-organisms and can be severely damaged by such growths (Ciferri, 1999) . In cultivation studies of deteriorated mural and rock paintings, bacterial isolates have frequently been attributed to the genus Bacillus (Weirich, 1989; Karpovich-Tate & Rebrikova, 1990; Gonzalez et al., 1999; Heyrman et al., 1999; Saiz-Jimenez & Laiz, 2000) . Other studies that have included DNA-based techniques to characterize the bacterial community involved in biodeterioration have shown that a substantial part of the bacterial population is made up of so far unknown species (Altenburger et al., 1996; Rölleke et al., 1996; Gurtner et al., 2000; Heyrman & Swings, 2001) . In this paper, we report the characterization of a group of ten strains isolated from different damaged parts of two mural painting sites, the Servilia tomb of the Roman necropolis at Carmona (Spain) and the Saint-Catherine chapel of Castle Herberstein (Austria). The strains are attributed to a novel species in the genus Bacillus, Bacillus decolorationis sp. nov.
Strain designations and their origins are listed in Table 1 . The isolation procedure followed was described previously by Heyrman et al. (1999) . Isolates were grown on trypticase soy agar (TSA; BBL) at 28˚C for examination of cell morphology and spore formation. The temperature range for growth was tested on the same medium. Analysis of the fatty acid content of the cell wall was performed as described previously (Heyrman et al., 1999) , starting from cells grown on TSA for 24 h at 28˚C. Purification of total genomic DNA for 16S rDNA sequencing and rep-PCR genomic fingerprinting was performed as described by Heyndrickx et al. (1996) . For determination of the G+C content and DNA-DNA hybridization, approximately 1 g biomass was harvested from agar plates and DNA was purified as in Logan et al. (2000) . Rep-PCR genomic fingerprinting was performed with the (GTG) 5 primer (Versalovic et al., 1994 ) applying the PCR conditions described by Rademaker & de Bruijn (1997 described previously by Heyrman & Swings (2001) . The G+C content of DNA was determined by HPLC (Mesbah et al., 1989) using further specifications given by Logan et al. (2000) . DNA-DNA hybridization was performed using a modification of the microplate method described by Ezaki et al. (1989) , as described by Willems et al. (2001) . A hybridization temperature of 37˚C was used. Phenotypic characterization using the API 20E and 50CHB systems and the API Biotype 100 system followed the methods of Logan & Berkeley (1984) and Heyndrickx et al. (1997) , respectively. Suspension media for API 20E and API 50CH were supplemented with 7 % (w/v) NaCl. Skim milk agar, used when testing for casein hydrolysis, was not supplemented with 7 % (w/v) NaCl.
The ten isolates form a distinct group in a larger UPGMA clustering of the Canberra metric coefficients calculated between the fatty acid profiles of 385 strains isolated from different samples of three mural painting sites (Heyrman et al., 1999 ). The cut-off level of the group was at 85 % Canberra metric similarity. The mean contents of the fatty acids of the ten strains as percentages of total fatty acid content (fatty acids representing less then 1 % of the total amount are omitted and standard deviations are given in parentheses) were: iso- The rep-PCR fingerprinting of the isolates allowed determination of their genotypic diversity. Studies that have compared rep-PCR genomic fingerprint analysis with DNA-DNA relatedness studies have shown that the two techniques yield results that are in close agreement (Nick et al., 1999; Rademaker et al., 2000) . These studies therefore suggest that rep-PCR fingerprinting can be used as a genomic screening method to differentiate at the species level and to select representatives for DNA-DNA reassociation experiments. The (GTG) 5 -PCR patterns revealed two clusters based on Pearson's correlation coefficient, comprising eight and two isolates (Fig. 1) . Within the clusters, the (GTG) 5 patterns were nearly identical and it can be stated that the isolates of the same clusters are genotypically closely related and probably belong to the same species. Remarkably, the clustering did not correspond to the geographical divergence of the isolates. Indeed, isolates from different mural painting sites or samples were found to have identical (GTG) 5 patterns, while isolates from the same sample were also attributed to different (GTG) 5 groups. One strain from each (GTG) 5 cluster (LMG 19507 T and LMG 21001) was selected for 16S rDNA sequencing and DNA-DNA hybridization.
Nearly the complete 16S rRNA gene of strain LMG 19507 T , representing the largest (GTG) 5 cluster, was determined (1503 bp without primers). For strain LMG 21001, only the first part of the 59 end of the gene, hypervariable for the genus Bacillus (Goto et al., 2000) , was sequenced (467 bp). The two sequences show 99?9 % similarity in the most variable part of the gene (they only differ in one base; a T in the sequence of LMG 19507 T is C or T in the sequence of LMG 21001). A FASTA search (Pearson, 1994) indicated that the highest similarity for the LMG 19507 T sequence is 95?4 %, to Bacillus pseudofirmus DSM 8715 T (X76439), and sequence similarity to other species of the genus Bacillus was below 95 %. Although the 16S rDNA sequence similarities were fairly low, strains LMG 19507 T and LMG 21001 clustered tightly within the genus Bacillus (a phylogenetic tree with the closest related Bacillus species, Bacillus subtilis and the type species of related genera is available as supplementary material in IJSEM Online at http://ijs.sgmjournals.org). These observations support a separate species rank for the isolates within this genus.
Since sequence similarities to entries in the EMBL database were well below 97 %, the level below which strains are generally attributed to separate taxa (Stackebrandt & Goebel, 1994) , DNA-DNA relatedness needed to be verified only between the representatives of each (GTG) 5 cluster. The reciprocal DNA-DNA relatedness values of 87?6 and 82?6 % between strains LMG 19507 T and LMG 21001 assign the two strains and thus the two clusters to a single species. The G+C contents of strains LMG 19507 T and LMG 21001 were respectively 39?8 and 40?0 mol%. Table 2 . Some characters that distinguish Bacillus decolorationis sp. nov. from related species Species: 1, B. decolorationis sp. nov.; 2, B. pseudofirmus; 3, Bacillus halodurans; 4, Bacillus alcalophilus; 5, Bacillus pseudalcalophilus; 6, Bacillus clausii. Data are from this study for B. decolorationis and from Nielsen et al. (1995) for all other species. Characteristics are scored as: +, ¢85 % of strains positive; V, 16-84 % positive; 2, ¡15 % positive; ND, not determined. All species grow in the presence of 5 % NaCl. DUtilization of substrates by B. decolorationis was indicated by acid production in the API 50CH gallery. All species were positive for cellobiose, fructose, glucose, maltose, ribose, sucrose and trehalose.
All of the isolates grew in the API Biotype 100 tests, but they showed inconsistent results, and this kit could not be used for taxonomic or diagnostic purposes. In the API 50CH tests, the wall-painting isolates gave weak reactions, even after protracted incubation. In the API 20E strip, with or without added salt, strains showed nitrate reduction; however, gelatin hydrolysis needed generous inocula for consistent results. Despite the inconclusive results in the API systems, characteristics were found that distinguish the mural painting isolates from the phylogenetically closest related Bacillus species, as determined by a FASTA search (Table 2 ). For example, the isolates do not show growth at pH 8 or 9, whereas the closest related Bacillus species are all alkaliphilic (Nielsen et al., 1995) , they give a positive reaction for nitrate reduction and are able to utilize 5-keto-D-gluconate.
The genotypic and phenotypic data discussed above attribute the mural painting isolates to a novel species of the genus Bacillus, for which the name Bacillus decolorationis sp. nov. is proposed.
Description of Bacillus decolorationis sp. nov.
Bacillus decolorationis (de.co.lo.ra.ti.on9is. L. gen. n. decolorationis of discoloration).
Cells are motile, coccoid rods, 0?5-0?8 mm wide and 1?0-4?0 mm long, that occur singly, in pairs or short chains (Fig. 2) and show a variable Gram-stain reaction. Spores are produced slowly and in small numbers in culture; they are ellipsoidal, sometimes nearly spherical, central to subterminal and swell the sporangia slightly. Colonies on TSA are cream-coloured to beige, circular with a smooth to slightly irregular margin, low-convex with a glistening and rough surface. No growth in an anaerobic chamber. Oxidase-and catalase-positive. The temperature range for growth is 5-40˚C with optimal growth at 25-37˚C. The NaCl concentration for growth is 0-10 % (w/v), with an optimum of 4-7 % (w/v). Casein hydrolysis is positive within 4 days incubation. In the API 20E strip, conversion of nitrates to nitrite and dinitrogen is positive and gelatin hydrolysis occurs with or without added salt, but only with generous inocula. Reactions are negative for arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate utilization, hydrogen sulphide production, urease, tryptophan deaminase, indole production and VogesProskauer. The ONPG reaction is negative without added NaCl and variable when supplemented with 7 % NaCl. Acid is produced weakly and without gas from the following carbohydrates in the API 50 CH gallery using the CHB suspension medium supplemented with 7 % NaCl: 
